The aim of the study was to compare the effect of multi--nutrient complex fertilizers (HydroComplex, Nitrophoska Blue Special and Viking 13 from the nitrophoska group, and Polimag S from the amophoska group) and single-nutrient fertilizers on the growth and tuber yield of very early potato cultivars ('Aster', 'Fresco', 'Gloria'). The field experiment was carried out on podzolic soil in mid-eastern Poland during [2005][2006][2007]. The study showed a greater beneficial effect of HydroComplex and Nitrophoska Blue Special on the growth of very early potato cultivars than that of Viking 13 and Polimag S. The application of HydroComplex and Nitrophoska Blue Special resulted in greater above-ground plant biomass and assimilation leaf area compared with single-nutrient fertilizers; the leaf area index (LAI) was higher by 0.28 and 0.32, respectively. The differences were smaller and not statistically confirmed with the use of Polimag S and Viking 13. When the multi-nutrient complex fertilizers were applied, leaf weight ratio (LWR), leaf area ratio (LAR) and specific leaf area (SLA) were similar to the single-nutrient fertilizers. Of the multi-nutrient complex fertilizers, only Nitrophoska Blue Special resulted in higher tuber yield, on average by 2.40 t × ha -1 , compared with the single-nutrient fertilizers. The studied cultivars showed a similar response to applied fertilizers. LAI for 'Gloria' was higher than for 'Aster' and 'Fresco', with smaller LAR found in 'Gloria'. LWR for 'Fresco' was smaller than for 'Aster' and 'Gloria', with higher SLA found in 'Fresco'. The tuber yield of 'Aster" (24.04 t × ha -1 ) was higher on average by 3 t × ha -1 than for 'Fresco' and 'Gloria'.
INTRODUCTION
Climate, cultivar and crop management determine the growth and dry matter production of a potato crop (Solanum tuberosum L.). Total biomass production and potato cultivar accumulation depend on the amount of intercepted photosynthetically active radiation (PAR), which is directly proportional to the plant leaf area index (LAI) [1, 2] . The growth duration and leaf area determine the amount of solar radiation intercepted by the canopy and influences the extent of photosynthesis, evaporation, transpiration and the final tuber yield [3, 4] . Many researchers have reported that the relationship between leaf area and biomass accumulation is linear [5, 6] . The LAI is one of the physiological parameters indicating the performance of crop growth and partitioning of assimilates. The duration of active leaf growth mainly determines potato yield and is a major limiting factor with early-maturing cultivars [2, 7] . The LAI value depends not only on the cultivar and phase of plant development, but can also be modified by fertilization, irrigation and other factors [3, 6, 8, 9] .
The most important factor that affects the rapid establishment of the crop canopy is the availability of plant nutrients in the soil. Potato has a relatively shallow root system and requires significant nutrient inputs to maintain tuber productivity and quality. The response of potato to deficiency of one nutrient may be greatly influenced by the levels of other nutrients [9] . Fertilization is one of the most important agronomical factors affecting plant growth and potato tuber yield. Profitable potato cultures cannot be developed without chemical and/or organic fertilization. The fertilization must assure the high utilization of cultivar production potential under the environmental conditions of cultivation area. In recent years there has been an increase in the use of multi-nutrient complex fertilizers. Multi--nutrient complex fertilizers supply crops with primary (nitrogen, phosphorus, potassium) and secondary (calcium, magnesium, sulphur) nutrients and micronutrients (iron, zinc, manganese, copper, boron, molybdenum) and have the advantage of having each nutrient in each granule. The right proportion of nutrients is a prerequisite for satisfactory plant growth. Efficient application of the proper type and amount of fertilizer is an important part of achieving profitable yield [10] . There is a lack of research on the effect of using multi-nutrient complex fertilizers in growing early potato cultivars. The use of multi-nutrient complex fertilizers in the cultivation of several potato cultivars, belonging to different maturity groups, has caused the greatest increase in tuber yield of a very early-maturing cultivar [11] . The aim of this study was to compare the effect of selected multi-nutrient complex fertilizers and single--nutrient fertilizers on the growth and tuber yield of very early potato cultivars.
MATERIALS AND METHODS

Site and season
The study was carried out at the Agricultural Experimental Station of Siedlce University of Natural Sciences and Humanities (52   o   09'N, 22   o 16'E), during the three growing seasons from 2005-2007, on podzolic soil with a very high content of available phosphorus, a medium to very high content of potassium, a medium content of magnesium and manganese, a low content of boron, a low to medium content of copper and iron as well as a medium to high content of zinc ( Table 1) . The organic carbon content in the soil ranged from 5.5 to 6.1 g × kg -1 of soil, pH in 1 mol × dm -3 KCl from 5.0 to 6.8. In each year of the study, spring triticale was grown as a potato forecrop. Farmyard manure was applied in autumn, at a rate of 30 t × ha -1 . 
Plant material and experimental design
The field experiment was established as a split--plot design with three replications. The experimental factors were as follows: I -type of fertilizer: control treatment without fertilizer, single-nutrient fertilizers (ammonium nitrate 34%, superphosphate 19%, potassium sulphate 50%), HydroComplex (NPKMgS 12-11-18-2,6-8 + B, Mn, Zn, Fe; produced by Yara International ASA, Norway), Nitrophoska Blue Special (NPKMgS 12-12-17-2-6 + B, Zn; produced by COM-PO GmbH&Co.KG, Germany), Viking 13 (NPKMgCaS 13-13-21-1,2-4-1,4; produced by Yara International ASA, Norway) representing the nitrophoska group, and Polimag S (NPKMgS 10-8-15-5-14 + B, Cu, Mn, Zn; produced by Zakłady Chemiczne POLICE S.A., Poland) from the amophoska group; II -cultivar: 'Aster' (Poland), 'Fresco' (The Netherlands) and 'Gloria' (Germany). The multi-nutrient complex fertilizers and single-nutrient fertilizers were applied in spring, in the amounts equivalent to the recommended rates for the cultivars studied (100 kg N × ha -1 ). The remaining elements in the single-nutrient fertilizers were applied at rates which guarantee an appropriate N:P:K proportion for edible potatoes, i.e. 1:1:1.5. In the successive years, 4-week pre-sprouted seed potatoes were planted on 15, 20 and 18 April, with row spacing of 0.30 m and 0.625 m between rows. The plots were four rows wide and 6 m long. The plot area was 15 m 2 . The average length of sprouts at the time of planting was 15-20 mm. Potato cultivation was carried out according to the rules of good agronomical practice. After 60 days from planting, the height of plants, mass of leaves, mass of stems, assimilation leaf area and leaf area index (LAI) were determined. The measurements were made on four successive plants per plot. The assimilation leaf area was measured by the weight method [12] . The leaf weight ratio (LWR), leaf area ratio (LAR) and specific leaf area (SLA) were also determined. LWR and LAR were defined as the ratio of mass of leaves/ mass of the whole plant and a ratio of assimilation leaf area/mass of the whole plant, respectively. SLA was defined as a ratio of assimilation leaf area/mass of leaves [13] . Potatoes were harvested at the tuber physiological maturity stage, on 25 and 31 July and 8 August, respectively. The total tuber yield was determined. The results of the study were analysed statistically by means of analysis of variance for split-plot design. The significance of differences was verified using Tukey's test at P=0.05.
Over the three-year period of the study, the most favourable thermal and moisture conditions for the cultivation of very early potato cultivars were in the growing season of 2007 ( Table 2 ). The mean monthly temperatures were above the long-term average. Total precipitation in May and July was slightly above the long-term average. In 2005 the growth and development of plants was hindered by a low air temperature after planting potatoes and drought from mid-June to the end of the growing period. In 2006 it was hampered by mild drought throughout the potato growing period. In 2005 total precipitation from mid-June to the third week of July amounted only 10.5 mm. In 2006 total precipitation in June and July was almost 3 times lower and over 3.5 times lower, respectively, than the long--term average. 
RESULTS
Plant height and above-ground plant biomass
The type of fertilizer (single-nutrient or multi--nutrient complex fertilizer) had a slight effect on the height of plants (Fig. 1) . The plants were higher on average by 0.044 m with the use of single-nutrient fertilizer. With the application of multi-nutrient complex fertilizers, they were higher by 0.028 to 0.053 m in comparison with the control treatment without mineral fertilization. The differences in plant height between the types of fertilizers were not statistically confirmed.
The fertilizers applied in the experiment exerted a greater influence on the growth of 'Aster' than "Fresco' and 'Gloria' (Fig. 1 ). The differences in plant height between the cultivars studied were not statistically confirmed ( Table 3) .
The type of fertilizer had a significant effect on above-ground plant biomass (Fig. 2, Fig. 3 ). The plants produced greater above-ground plant biomass with the application of multi-nutrient complex fertilizers. The above-ground plant biomass was on average higher by 0.028 kg (24.8%) with the use of single-nutrient fertilizers and by 0.033 kg (29.2%) to 0.055 kg (48.7%) with the application of multi-nutrient complex fertilizers compared with the cultivation without mineral fertilization. The plants had the highest above-ground biomass with the use of HydroComplex and Nitrophoska Blue Special (from the nitrophoska group with microelements). During the 3-year experimental period, the application of HydroComplex resulted in an increase of leaf mass on average by 0.022 kg (14.1%) and the mass of stems by 0.027 kg (19.1%) in comparison with the single-nutrient fertilizer, whereas these differences were respectively 0.017 kg (11.4%) and 0.020 kg (14.2%) with the use of Nitrophoska Blue Special. The differences were smaller and not statistically confirmed with the use of the other multi-nutrient complex fertilizers.
The effect of fertilizers on the increase in above-ground plant biomass depended to a higher degree on weather conditions during the potato growing season and on the content of plant nutrients in the soil. The highest increase in above-ground parts resulting from the application of HydroComplex and Nitrophoska Blue Special was reported in the warm and moderately wet growing season in 2007 (Fig. 2, 3) . In that year, the leaf mass was higher on average by 0.038 kg (19.6%) and the stem mass was higher by 0.045 kg (21.2%) with the use of HydroComplex compared to the single-nutrient fertilizers, whereas with the application of Nitrophoska Blue Special the differences were 0.044 kg (22.7%) and 0.033 kg (15.6%), respectively. The difference between HydroComplex and Nitrophoska Blue Special was not significant. The use of Viking 13 (from the nitrophoska group without microelements) and Polimag S (from the amophoska group with microelements) resulted in a significant increase in above-ground plant biomass in comparison with single-nutrient fertilizers only in 2005 in the soil rich in available nutrients.
The type of fertilizer and cultivar interaction effect on above-ground plant biomass was not statistically confirmed ( Table 4 ). The rate of plant growth was cultivar-dependent. Regardless of the type of fertilizer applied, above-ground plant biomass was higher for 'Gloria' than for 'Aster' and 'Fresco' with a comparable height of plants (Table 3) . The difference between 'Aster' and 'Fresco' was not significant. The largest differences between cultivars were observed in the very warm and moderately wet growing season in 2007. 
Assimilation leaf area and leaf area index (LAI)
The fertilizers used in the experiment had a significant effect on the assimilation leaf area (Fig. 4) . With the use of Viking 13 (from the nitrophoska group without microelements) and Polimag S (from the amophoska group with microelements), the assimilation leaf area and LAI were similar to the application of single-nutrient fertilizers.
The type of fertilizer and cultivar interaction effect on assimilation leaf area was not statistically confirmed. Regardless of the type of fertilizer applied, 'Gloria' had a higher assimilation leaf area than 'Aster' and 'Fresco' (Tab. 5). The LAI for 'Gloria' was on average 2.68 m 2 × m -2 , whereas for the 'Aster' it was smaller on average by 0.34 m 2 × m -2 (12.7%) and for 'Fresco' -by 0.47 m 2 × m -2 (17.5%). The weather conditions were the factor that caused a significant variation in the LAI value for the studied cultivars. The highest differences between cultivars were reported in the very warm and moderately wet growing season in 2007. In that year, the LAI for 'Aster' 
Leaf weight ratio (LWR), leaf area ratio (LAR), and specific leaf area (SLA)
The fertilizers used in the experiment had a significant effect on the share of assimilation organ in the whole plant mass and plant foliage (Tab. 6). With the application of single-nutrient fertilizers, LWR was smaller on average by 0.025 kg × kg -1 and with the use of multi-nutrient complex fertilizers it was lower by 0.030 to 0.037 kg × kg -1 in comparison with the cultivation without mineral fertilization. LAR was smaller by 0.080 m 2 × kg -1 and by 0.069 to 0.154 m 2 × kg -1 , respectively. The type of fertilizer (single-nutrient or multi-nutrient) did not have a significant effect on the LWR value. LAR was similar with the use of Nitrophoska Blue Special and it was smaller with the application of the other multi-nutrient complex fertilizers compared with single-nutrient fertilizers. Regardless of the type of fertilizer applied, LWR and LAR were highest in 2006 with a mild drought during the potato growing season (Tab. 7).
The type of fertilizer and cultivar interaction effect on LWR and LAR was not statistically confirmed. Regardless of the fertilizer applied, LWR for 'Fresco' was smaller than for 'Aster' and 'Gloria', with the lowest LAR detected in 'Gloria' (Tab. 7).
The specific leaf area (SLA) depended to a higher degree on the cultivar and weather conditions than on fertilization (Tab. 6, Tab. 7). SLA was higher with the application of Nitrophoska Blue Special than with the use of Viking 13. The differences were minor with the application of other fertilizers and they were not statistically confirmed.
The type of fertilizer and cultivar interaction effect on SLA was not statistically confirmed. Regardless of the fertilizer applied, the specific leaf area in 'Fresco' was higher than in 'Aster' and 'Gloria' by 0.111 m , respectively (Tab. 7). The highest differences between cultivars were reported in 2006, i.e. in the year with the lowest rainfall. In that year, SLA for 'Fresco' was higher on average by 0.487 m 2 × kg -1 than in 'Aster' and 'Gloria'. 
Tuber yield
The productive effects of multi-nutrient complex fertilizers, i.e. HydroComplex, Viking 13 and Polimag S, reflected in an increase in tuber yield in comparison with the cultivation without mineral fertilization were comparable with commonly used single-nutrient fertilizers (Fig. 5) . The highest tuber yield was reported with the application of Nitrophoska Blue Special (from the nitrophoska group with the lowest ammonium nitrogen concentration). With the use of this fertilizer, the total tuber yield was higher on average by 2.40 t × ha -1 (10.8%) in comparison with single-nutrient fertilizers. The yield-increasing effect of fertilizers depended on weather conditions. The amount of rainfall during the potato growing season had a greater effect on the outcome of fertilization with Nitrophoska Blue Special and HydroComplex than with Polimag S and Viking 13. The use of these fertilizers produced better results with sufficient water supply for plants.
The type of fertilizer and cultivar interaction effect on tuber yield was not statistically confirmed. Regardless of the type of fertilizer applied, tuber yield of 'Aster' was higher than of 'Fresco' and 'Gloria' on average by 3.11 t × ha -1 (14.8%) and 2.88 t × ha -1 (13.6%), respectively (Tab. 8). The difference between 'Fresco' and 'Gloria' was not significant. The highest differences between cultivars were reported in 2005 with a drought from mid-June to the end of the potato growing period. In that year, tuber yield of 'Aster', which was more tolerant to wet conditions, was almost twice as much as that of 'Fresco' and 'Gloria'. ) -means followed by the same letter do not differ significantly at P=0.05 
DISCUSSION
Fertilization is one of the most important agronomical factors affecting plant growth and potato tuber yield. Potato has a relatively shallow root system and requires significant nutrient inputs to maintain tuber productivity and quality. Efficient application of the proper type of fertilizer is an important part of achieving profitable tuber yield. Mineral fertilizers have a great impact on nutrient distribution in the soil and their bioavailability for plants [14] . In the present study, the type of fertilizer (single-nutrient or multi--nutrient complex fertilizers) significantly affected the growth of very early potato cultivars. The differences in plant height between the types of fertilizers were not statistically confirmed, but the plants produced greater above-ground plant biomass with the application of multi-nutrient complex fertilizers. Of the multi-nutrient complex fertilizers, HydroComplex and Nitrophoska Blue Special (from the nitrophoska group with microelements) resulted in a higher increase in above-ground plant biomass in comparison with single-nutrient fertilizers.
The duration of active leaf growth mainly determines potato yield and is a major limiting factor with early-maturing cultivars. The leaf area index (LAI) is one of the physiological parameters indicating the performance of crop growth and partitioning of assimilates. The assimilation leaf area and the type of foliage made the architecture of lowland meadows, which largely determines the effectiveness of solar radiation interception. The higher value of LAI affected favourably the growth of tubers during vegetation and even the final tuber yield [8, 15] . The relationship between the rate of tuber yield and the LAI value is rather diverse, because potatoes respond very sensitively to weather changes during vegetation by falling or new growth of leaves. It often happens that the enlargement of assimilation leaf area does not result in an increase of tuber yield. The LAI value determines light conditions in lowland meadows of crops and the effectiveness of solar radiation interception. The rate of photosynthesis per unit of leaf area decreases with the increase in leaf area. The optimal, and not maximal, assimilation leaf area for a given cultivar ensures maximum tuber yield. With the maximal value of LAI, the growth rate of lowland meadows may be smaller than with optimal LAI due to dying out or low effectiveness of photosynthesis of overshadowed lower leaves. The optimal LAI depends on the density of plants in lowland meadows and on competition (due to density) between plants for light, water and nutrients [8, 13, 16] . The optimum leaf area and its duration influenced the extent of photosynthesis, evaporation, transpiration, stolon and tuber initiation, final biomass, and partitioning of dry matter into economic yield [4] . The relative rate of leaf area expansion of potato decreased with thermal time, but was nearly linear up to a LAI of 1.0. The LAI value depends not only on the cultivar and plant growth stage, but can also be modified by fertilization, irrigation and other factors [3, 6, 8, 9] . The fertilizers used in the experiment had a significant effect on the increase in above-ground plant biomass and this translated into higher assimilation leaf area in comparison to the cultivation without mineral fertilization. The highest assimilation leaf area and LAI were reported with the use of Nitrophoska Blue Special and HydroComplex (from the nitrophoska group with microelements). The rate of crop plant growth is, to some extent, modified by magnesium and sulphur application which can significantly impact nitrogen uptake and utilization [17, 18] . In potato cultivation, some elements, like zinc, boron, sulphur and magnesium, can help in increasing foliage coverage at the initial growth stages and at the later stages [19, 20] . B a r i et al. [21] observed that the highest plant height and foliage coverage were recorded in the plot where zinc, boron, sulphur and magnesium were applied together, which was also confirmed in the present study. The rate of leaf area expansion showed an interaction between genotype and environment, and varied by year [22] , which was confirmed in the present study. Studies have shown a rapid increase in light interception together with an increase in LAI up to 2.5. The light interception rises, though slowly, until LAI reaches 4.0 [1, 6, 23] . In the present study, the LAI value was higher than 3.0 m 2 × m -2 , presumed to be optimal [24] , only in 2007, i.e. in a warm and moderately wet year. According to de la C a s a et al. [25] , if potato LAI exceeds 3.0, the intercepted photosynthetically active radiation values change very little, making it very difficult to detect differences due to variations in crop conditions.
The leaf area index (LAI) describes the growth of lowland meadows, whereas the growth of individual plants is characterized with the following indices: leaf weight ratio (LWR), leaf area ratio (LAR), and specific leaf area (SLA). These indices are determined by the genetic features of a cultivar and plant growth stage, but their values can be modified by weather conditions [8, 22, 24] , which was also confirmed in the present study. The fertilizers used in the experiment had a significant effect on the share of assimilation organ in the whole plant mass and plant foliage. The differences in LWR between the types of fertilizers were not statistically confirmed. Of the multi-nutrient complex fertilizers, only Nitrophoska Blue Special resulted in a similar value of LAR as single-nutrient fertilizers. With the use of the other multi-nutrient complex fertilizers, the LAR value was smaller in comparison with single--nutrient fertilizers. The LAR value decreases almost linearly with the growth of plants. This is a result of a decreasing share of assimilation tissues in the whole plant mass. During ontogenesis, the share of assimilating organs in the whole plant decreases more quickly than LAR. A temporary increase in the LAR value can result from a sudden improvement in environmental conditions, e.g. after a drought period or a period of slight frost [13, 24] . Z r ů s t and C e p l [15] reported a significant relation between potato tuber yield and LAR, especially for leaf type cultivars. The specific leaf area (SLA) depended to a higher degree on the cultivar and weather conditions than on fertilization. Jenkins and Mahmood [9] showed the relation between potato plant growth, LAI and SLA, and the supply of nitrogen, phosphorus and potassium. The SLA for potato depends on the growth stage and temperature. The early foliar expansion is associated with a strong increase in SLA [22] , which was confirmed in the present study.
Of the multi-nutrient fertilizers, only Nitrophoska Blue Special (from the nitrophoska group with the lowest ammonium nitrogen concentration) resulted in a significant increase in tuber yield in comparison with single-nutrient fertilizers. The productive effects of HydroComplex and Viking 13 (from the nitrophoska group), and Polimag S (from the amophoska group) in very early potato cultivars growing on podzolic soil in mid-eastern Poland were comparable with commonly used single-nutrient fertilizers. The beneficial effects of fertilization with Nitrophoska 12 Special and Nitrophoska 15 Perfect on potato cultivation in semi-coherent soil in north-western Poland were shown in the study carried out by J a b ł o ń s k i [26] . Potato plants are very sensitive to ammonium toxicity [27] . The yield-increasing effect of the fertilizers applied in the experiment depended on the amount of rainfall during the potato growing season. The use of Nitrophoska Blue Special and HydroComplex produced better results with sufficient water supply for plants.
An appropriate choice of cultivar is very important in early potato production. In the present study, the type of fertilizer and cultivar interaction effect on plant growth and tuber yield was not statistically confirmed. Regardless of the type of fertilizer applied, LAI for 'Gloria' (Germany) was higher than for 'Fresco' (The Netherlands) and 'Aster' (Poland), with the smaller LAR found in 'Gloria'. The difference between 'Fresco' and 'Aster' was not significant. LWR for 'Fresco' was smaller than for 'Aster' and 'Gloria', with a higher value of SLA in 'Fresco'. The highest SLA with the lower LAI indicates that 'Fresco' produced more delicate and thinner leaves. The tuber yield of 'Aster', more tolerant to wet conditions, was higher on average by 3 t´ha -1 than for 'Fresco' and 'Gloria'. Over the 3-year experimental period, the tuber yield of 'Aster' was on average 24.04 t × ha -1 .
CONCLUSIONS
Efficient application of the proper type and amount of fertilizer is an important part of achieving profitable potato tuber yield. The fertilization must assure the high utilization of cultivar production potential under the environmental conditions of cultivation area. The present study showed a greater beneficial effect of multi-nutrient complex fertilizers HydroComplex and Nitrophoska Blue Special (from the nitrophoska group with microelements) on the growth of very early potato cultivars on podzolic soil in mid-eastern Poland than Viking 13 (from the nitrophoska group without microelements) and Polimag S (from the amophoska group). The application of HydroComplex and Nitrophoska Blue Special resulted in greater above-ground plant biomass and higher assimilation leaf area compared with single-nutrient fertilizers; LAI was higher by 0.28 m 2 × m -2 and 0.32 m 2 × m -2 , respectively. When the multi-nutrient complex fertilizers were applied, LWR, LAR and SLA were similar to single-nutrient fertilizers. Of the multi-nutrient complex fertilizers, only Nitrophoska Blue Special (from the nitrophoska group with the lowest ammonium nitrogen concentration) resulted in higher tuber yield, on average by 2.40 t × ha -1 , compared with the single-nutrient fertilizers. The use of this fertilizer produced better results with sufficient water supply for plants. The fertilizers applied in the experiment indicated a similar response of all studied cultivars. The physiological indicators which determine the amount of tuber yield depended on the genetic characters of the cultivar and weather conditions during the potato growing season.
Regardless of the type of fertilizer applied, LAI for 'Gloria' (Germany) was higher than for 'Aster' (Poland) and 'Fresco' (The Netherlands), with smaller LAR found in 'Gloria'. LWR for 'Fresco' was lower than for 'Aster' and 'Gloria', with higher SLA found in 'Fresco'. The tuber yield of 'Aster" (24.04 t × ha -1 ) was higher on average by 3 t × ha -1 than for 'Fresco' and 'Gloria'. 
